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•  Nitrogen-doped  graphene  (NG)  were 
synthesized  through  simple  sol¬ 
vothermal  reaction. 

•  Fe,  Co  and  Fe-Co  nanoparticles  were 
precipitated  on  NG  (M/NG). 

•  Co/NG  exhibited  enhanced  ORR  ac¬ 
tivity  compared  to  other  M/NG 
catalysts. 

•  The  performance  of  catalysts  was 
related  to  uniform  distribution  of 
metal  particles. 
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Nitrogen-doped  graphene  (NG)  based  non-precious  metal  catalysts  is  used  as  a  catalyst  for  oxygen 
reduction  reaction  (ORR).  Nanoflower-like  NG  with  designed  nitrogen  types  is  directly  synthesized  using 
a  low  temperature  solvothermal  process  and  then  Fe,  Co  and  Fe-Co  nanoparticles  are  precipitated  onto 
the  NG  using  a  modified  polyol  method.  The  morphology  of  the  NG  is  studied  using  scanning  electron 
microscopy,  transmission  electron  microscopy  and  X-ray  photoelectron  spectroscopy.  The  synthesized 
M/NG  (M  =  Fe,  Co,  Fe-Co)  electrocatalysts  are  characterized  using  transmission  electron  microscopy,  X- 
ray  diffraction  and  energy-dispersive  X-ray  spectroscopy.  Electrochemical  characterizations  reveal  that 
NG  acts  as  a  catalyst  for  ORR  in  an  alkaline  solution.  The  electrocatalytic  properties  of  NG  and  M/NG 
catalysts  are  investigated  for  ORR  in  0.1  M  KOH.  Cyclic  voltammetry,  linear  sweep  voltammetry  and 
electrochemical  impedance  spectroscopy  are  used  to  measure  electrocatalytic  activity.  M/NG  catalysts 
exhibit  higher  electrocatalytic  activity  than  NG  and  the  highest  activity  is  observed  for  the  Co/NG 
electrode.  Chronoamperometric  results  demonstrate  that  the  Co/NG  catalyst  is  more  stable  than  com¬ 
mercial  Pt/C  for  ORR  in  an  alkaline  solution. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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supported  platinum-based  nanomaterials  have  been  regarded  as 
the  best  electrocatalysts  for  ORR  in  these  electrochemical  energy 
devices  [3  .  The  cost  of  Pt  catalyst,  which  is  a  limited  natural 
resource,  will  gradually  increase  over  time.  Pt-based  electro¬ 
catalysts  also  have  shown  low  durability.  In  addition,  during  fuel 
cell  operation,  platinum  nanoparticles  usually  agglomerate,  detach 
from  the  carbon  support,  and  can  suffer  CO  poisoning  [4  .  Accord¬ 
ingly,  there  is  strong  motivation  to  replace  platinum  with  low  cost 
materials,  such  as  platinum  binary  and  ternary  alloys  [5,6]  and 
transition  metal  chelates  7].  Much  effort  has  also  been  devoted  to 
the  durability  of  the  support  materials  [8,9]. 

Recently,  N-doped  carbon  materials  such  as  vertically  aligned  N- 
doped  carbon  nanotubes  [10  ,  nitrogen  doped  carbon  nanocapsules 
[11],  nitrogen-containing  porous  carbons  [12  ,  and  nitrogen-doped 
graphene  (NG)  [13,14]  have  been  considered  as  alternative  elec¬ 
trocatalysts  for  ORR.  Some  of  these  nitrogen-containing  nano¬ 
composites  have  shown  enhanced  activity  for  ORR  that  is 
comparable  to  that  of  commercial  platinum  catalyst  under  alkaline 
conditions  15-17  . 

It  has  been  demonstrated  that  nitrogen-doped  carbon  supports 
can  increase  the  durability  and  activity  of  catalysts  for  ORR  18,19]. 
The  strong  basicity  of  N-doped  carbon  facilitates  O2  adsorption  and 
decomposition  of  peroxide  species  that  consequently  lead  to 
increased  ORR  electrocatalytic  activity  [20-22  .  Carbon  atoms 
around  the  nitrogen  act  as  active  sites.  Nitrogen  atoms  in  the  matrix 
of  the  carbon  withdraw  electrons  from  adjacent  carbon  atoms 
because  of  the  higher  electronegativity  of  nitrogen  and  the  resul¬ 
tant  positive  carbon  atoms  facilitate  activation  of  ORR  [23  .  These 
active  sites  can  also  act  as  anchoring  sites  for  metal  nanoparticle 
deposition  [24-26]. 

Of  the  nitrogen-containing  carbon  nanomaterials,  NG  has 
received  considerable  attention  because  of  its  strong  ability  for 
catalyzing  ORR  in  alkaline  media  [17,27  .  Graphene  is  a  new  2- 
dimensional  carbon  material  that  has  intriguing  properties,  such 
as  high  surface  area,  high  electrical  conductivity,  thermal  stability, 
great  electron  mobility  and  a  unique  graphitic  basal  plane  that 
guarantees  durability.  Another  important  property  of  graphene  is 
adsorption;  the  planar  structure  of  graphene  makes  it  a  suitable 
substance  for  metal  nanoparticle  deposition  and  demonstrates  its 
potential  as  a  supporting  material  for  catalyst  particles  [28]. 

Pure  graphene  is  actually  a  highly-graphitized  carbon  support 
with  a  unique  graphitized  basal  plane  with  fewer  active  sites  for 
highly  graphitized  carbon  support,  making  metal  nanoparticle 
deposition  difficult.  The  electrocatalytic  performance  of  graphene 
can  be  improved  by  doping  it  with  heteroatoms  such  as  nitrogen 
[29].  NG  has  more  structural  defects  that  lead  to  more  uniform 
dispersion  of  metal  nanoparticles  compared  to  pristine  graphene 
[18,19]. 

When  a  nitrogen  atom  is  doped  into  graphene,  it  usually  has 
three  common  bonding  configurations  within  the  carbon  lattice; 
the  quaternary  N  (or  graphitic  N),  pyridinic  N,  and  pyrrolic  N.  Ox¬ 
ides  of  pyridinic  N  have  also  been  observed.  Most  methods  for  NG 
synthesis  that  use  different  precursors  as  the  carbon  and  nitrogen 
sources  result  in  uncontrollable  N-doping  and  produce  mixtures  of 
all  nitrogen  configurations  in  the  resultant  NG  [14,30,31  .  Recent 
studies  have  shown  that  the  graphitic  and  pyridinic  nitrogen  con¬ 
tent  in  graphene  sheets  increase  ORR  activity  in  a  system  [32-34]. 
Pure  graphitic  and  pure  pyridinic  NG  have  previously  been  syn¬ 
thesized  [35,36];  however,  it  has  been  shown  that  pyridinic  nitro¬ 
gen  alone  can  not  induce  effective  ORR  activity  [35  .  This  means  it  is 
important  to  develop  an  appropriate  synthetic  methodology  that 
provides  a  mixture  of  pyridinic  and  graphitic  nitrogen  in  the  doped 
forms  of  nitrogen  in  the  graphene  matrix. 

Carbon-supported  transition  metal/nitrogen  (M-N-C,  M  =  Fe, 
Co,  Ni,...)  materials  have  been  investigated  as  promising  cathode 


catalysts  for  fuel  cells.  Studies  have  shown  that  they  produce  high 
electrocatalytic  activity  for  ORR  in  both  acidic  and  alkaline  media 
[37-41  .  Of  the  transitional  metals,  iron  and  cobalt  have  been  found 
to  promote  catalysis  of  ORR  in  M-N-C  catalysts  [37,42].  In  some 
cases,  the  activity  of  these  catalysts  was  even  higher  than  that  of 
commercial  Pt/C,  indicating  that  these  electrocatalysts  induce  an 
ORR  from  the  desirable  4-electron  pathway  rather  than  the  2- 
electron  process  [40,41  . 

The  exact  nature  of  the  electrocatalytic  sites  for  ORR  in  these 
catalysts  is  still  under  debate  [40,41  .  It  has  been  proposed  that 
M-N-C  sites  can  act  as  electrocatalytic  centers  for  ORR  and  that 
metal  ions  facilitate  incorporation  of  nitrogen  into  graphene  sheets 
[41,43  .  Liu  et  al.  [32]  stated  that  transition  metals  are  not  active 
sites  for  ORR,  but  transition  metal  can  facilitate  stable  doping  of 
nitrogen  functional  groups  into  the  carbon  matrix  and  increase  ORR 
activity. 

Wu  et  al.  [42]  studied  the  role  of  metal  loadings  on  oxygen 
reduction  activity  of  binary  Fe-Co-N-C  catalyst.  They  found  that 
varying  the  ratios  of  Co  to  Fe  and  the  total  metal  loading  during 
synthesis  led  to  markedly  different  activity  for  oxygen  reduction. 
They  believed  that  the  exclusive  electrocatalytic  properties  of  Co 
contribute  to  the  formation  of  onion-like  carbon  structures  in  the 
binary  catalysts. 

The  modified  polyol  reduction  approach  has  been  shown  to  be  a 
powerful  method  for  the  synthesis  of  highly-dispersed  and  opti¬ 
mum  particle-sized  metal  nanoparticles  over  the  surface  of  the 
carbon  supporting  materials.  Previous  studies  have  found  that  the 
catalysis  of  the  cathodic  fuel  cell  reaction  with  catalysts  synthesized 
by  polyol  method  is  superior  compared  to  those  synthesized  by 
conventional  sodium  boro  hydride  reduction  method  [44,45] 
Vinayan  et  al.  46]  synthesized  triangular  shaped  palladium  nano¬ 
particles  decorated  nitrogen  doped  graphene  using  the  polyol 
reduction  process.  They  claimed  that  kinetic  control  of  the  growth 
of  the  nanoparticles  and  nitrogen  doping  of  the  supporting  material 
formed  highly  dispersed  anisotropic  nanoparticles  over  the  gra¬ 
phene  support. 

In  the  present  work,  Fe,  Co  and  Fe-Co  nanoparticles  were 
precipitated  on  nitrogen  doped  graphene  using  a  modified  polyol 
method.  Pentachloropyridine  was  used  as  the  carbon  and  nitrogen 
source  for  preparation  of  the  NG.  The  electrochemical  performance 
of  the  synthesized  catalysts,  including  activity  and  durability  for 
ORR  in  alkaline  media,  was  investigated  using  various  electro¬ 
chemical  tests. 

2.  Experimental 

2.2.  Synthesis  of  nitrogen-doped  graphene 

NG  was  prepared  using  a  one-pot  solvothermal  reaction  of 
pentachloropyridine  (C5CI5N;  Merck)  with  metallic  potassium  (I<; 
Sigma  Aldrich).  The  reaction  of  1  g  pentachloropyridine  and  K  was 
carried  out  at  160  °C  for  10  h  in  a  stainless  steel  autoclave  reactor 
(Fig.  1).  The  product  was  washed  sequentially  with  acetone,  abso¬ 
lute  ethanol,  and  deionized  water  and  dried  in  a  vacuum  oven  at 
80  °C  for  4  h  [9]. 

2.2.  Synthesis  ofM/NG  (M  =  Fe,  Co,  Fe-Co) 

In  a  typical  approach,  20  mg  NG  was  dispersed  in  a  mixture  of 
ethylene  glycol  (C2H6O2;  Merck)  and  deionized  water  by  sonication 
for  1  h.  The  calculated  amounts  of  transitional  metal  salts,  iron 
nitrate  (Fe(N03)2-6H20;  Merck)  and  cobalt  nitrate  (Co(N- 
03)3  -9Fl20;  Merck)  solutions  with  different  percentages  of  Co:Fe  to 
support  material  (0:40,  20:20,  40:0)  were  added  to  the  suspension 
drop  wise  and  stirred  for  1  h.  For  synthesis  of  40  wt.%  Fe/NG, 
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Fig.  1.  Schematic  illustration  of  the  preparation  of  nitrogen  eloped  graphene  by  solvothermal  method  in  autoclave  reactor. 


57.8  mg  iron  nitrate  and  for  40  wt.%  Co/NG,  39.5  mg  cobalt  nitrate 
were  added  to  suspension  solution.  The  pH  of  the  solution  was 
adjusted  to  7  by  adding  2.5  M  sodium  hydroxide  (NaOH;  Merck) 
and  the  solution  was  heat  treated  at  60-70  °C  for  1  h.  In  this  pro¬ 
cess,  ethylene  glycol  acts  as  a  reducing,  stabilizing  and  dispersing 
agent.  The  solution  was  centrifuged  and  washed  3-4  times  with 
deionized  water  and  dried  at  70  °C  for  8  h  in  a  vacuum  oven.  The 
prepared  samples  were  denoted  as  Fe/NG,  Fe-Co/NG  and  Co/NG. 
The  amount  of  metal  detected  by  ICP  for  all  samples  after  precipi¬ 
tation  process  was  very  close  to  the  expected  values.  ICP-MS 
measurements  confirm  the  content  of  metals  by  weight  in  the 
Fe-Co/NG  sample  to  be  20  wt.%  Fe  and  20  wt.%  Co  with  respect  to 
support  material  and  for  Fe/NG  and  Co/NG,  the  metal  content  of  the 
samples  was  identified  40  wt.%  with  respect  to  support  material. 


2.3.5.  Inductively  coupled  plasma  mass  spectrometry 

The  mass  contents  of  Fe  and  Co  in  different  samples  were 
determined  by  inductively  coupled  plasma  mass  spectrometry 
(ICP-MS)  measurements  using  a  PerkinElmer  inductively  coupled 
plasma  mass  spectrometer  (ICP-MS). 

2.3.6.  X-ray  diffraction 

X-ray  powder  diffraction  (XRD)  was  carried  out  using  a  Philips 
PW1800  diffractometer  operated  at  40  kV  and  30  mA  using  a  Cuka 
radiation  source.  The  cobalt  and  iron  phases  were  detected  by 
comparing  the  diffraction  patterns  with  those  of  standard  powder 
XRD  compiled  by  the  Joint  Committee  on  Powder  Diffraction 
Standards.  Average  cobalt  and  iron  crystallites  sizes  were  calculated 
using  Scherrer's  Equation  (1)  and  their  most  intense  peaks: 


2.3.  Physical  characterizations 


0.897  180° 

BCosO  X  TT 


2.3.1.  Scanning  electron  microscopy 

The  morphology  of  the  NG  samples  was  obtained  using  scan¬ 
ning  electron  microscopy  (SEM,  Hitachi  S-4160)  operated  at  an 
accelerating  voltage  of  20  kV. 

2.3.2.  Transmission  electron  microscopy 

The  nanostructure  of  the  materials  and  distribution  of  nano¬ 
particles  supported  on  NG  were  studied  using  transmission  elec¬ 
tron  microscopy  (TEM;  ZEISS  900)  with  an  accelerating  voltage  of 
50-80  kV. 

2.3.3.  X-ray  photoelectron  spectroscopy 

X-ray  photoelectron  spectroscopy  (XPS)  data  were  recorded 
using  an  8025-BesTec  twin  anode  XR3E2  X-ray  source  system  with 
monochromatic  A\ka  radiation. 

2.3.4.  Energy  dispersive  X-ray 

The  energy  dispersive  X-ray  (EDX)  detector  (Horiba  XGT-7200) 
was  used  for  elemental  analysis  of  the  catalysts. 


where  d  is  the  mean  crystallite  size;  A  is  the  X-ray  wave  length 
(1.54056  A);  and  B  is  the  full  width  half  maximum  of  the  cobalt  and 
iron  diffraction  peaks. 

2.4.  Electrochemical  measurements 

Electrochemical  measurements  were  carried  out  at  room  tem¬ 
perature  in  a  conventional  three-electrode  cell  connected  to  an 
electrochemical  analyzer.  Glassy  carbon  coated  with  catalyst  ink 
was  used  as  the  working  electrode.  A  saturated  calomel  electrode 
and  a  Pt  plate  were  used  as  reference  and  counter  electrodes, 
respectively.  All  potentials  were  relative  to  the  saturated  calomel 
electrode  (SCE).  Prior  to  surface  coating,  the  glassy  carbon  electrode 
(GCE)  was  sequentially  polished  and  then  washed  with  deionized 
water  for  a  few  minutes. 

For  electrode  preparation,  1  mg  of  total  electrocatalyst  was 
dispersed  in  a  1  mL  mixture  of  5  wt.%  nafion  solution  and  deionized 
water  (volume  ratio  =  1 :9)  by  sonication.  Catalyst  dispersion  (6  pi) 
was  transferred  onto  a  GCE  (2  mm  in  diameter,  0.031415  cm2 
geometric  area)  and  dried  at  80  °C  for  15  min.  ORR  activity  can  be 
evaluated  by  cyclic  voltammetry  (CV)  and  linear  sweep 
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voltammetry  (LSV).  With  CV,  ORR  was  measured  in  oxygen- 
saturated  0.1  M  KOH  solution  at  25  °C  with  the  scan  rate  of 
100  mV  s-1  in  potential  range  from  -1.2  to  0.2  V.  Electrochemical 
impedance  spectroscopy  (EIS)  was  carried  out  with  potentiostat/ 
galvanostat/EIS  (Biologic  sp-150).  The  impedance  spectra  were 
measured  by  sweeping  the  frequency  between  the  1  MHz  and 
10  mHz  in  an  oxygen-saturated  0.10  M  KOH  solution. 

3.  Results  and  discussion 

3.1.  Physical  investigations  of  NG 

3.1.1.  SEM,  TEM  and  XPS 

The  morphological  features  of  synthesized  NG  were  identified 
by  SEM  and  TEM.  Fig.  2(a)  and  (b)  are  SEM  images  of  NG  synthe¬ 
sized  by  solvothermal  process.  The  sample  contains  a  large  number 


of  nanoflower-like  structures,  each  composed  of  many  loose  NG 
sheets.  Fig.  2(c)  and  (d)  show  TEM  images  of  the  NG  sheets.  It  can  be 
observed  that  the  graphene  sheets  have  formed  circular  structures 
100-200  nm  in  diameter. 

XPS  measurement  was  done  to  determine  the  content  and 
features  of  nitrogen  species.  As  shown  in  Fig.  2(e),  three  distinct 
peaks  can  be  observed.  The  peaks  at  about  284.8,  399  and  534.5  eV 
denote  the  binding  energy  of  Cls,  Nls  and  Ols,  respectively.  The 
presence  of  an  Nls  peak  around  400  eV  indicates  the  successful 
incorporation  of  nitrogen  atoms  into  the  graphene  sheets.  The 
amount  of  nitrogen  incorporated  into  the  NG  was  about  4%. 

The  nature  of  the  N  functionalities  in  the  resulting  NG  can  be 
determined  by  the  structure  of  the  nitrogen  source  [13  .  The  ni¬ 
trogen  content  and  proportion  of  N  species  in  the  carbon  materials 
can  improve  the  activity  of  NG  [14].  Previous  studies  have  found 
that  quaternary  and  pyridinic  nitrogen  are  the  most  important 


Binding  Energy  (eV) 


Fig.  2.  (a,  b)  SEM  images  of  synthesized  NG;  (c,  d)  TEM  images  of  NG  at  different  magnifications;  (e)  XPS  spectrum  of  NG;  (f)  deconvoluted  Nls  region  for  NG. 
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species  for  catalyzing  ORR  due  to  the  matching  relationship  be¬ 
tween  activity  and  nitrogen  content  [13,34].  The  bonding  configu¬ 
ration  of  carbon  and  nitrogen  atoms  of  pentachloropyridine  is 
shown  in  Fig.  1.  It  is  evident  that  this  component  contains  pyridinic 
nitrogen;  it  is  thus  expected  that  synthesized  graphene  will 
consequentially  contain  greater  amounts  of  pyridinic  nitrogen. 

Fig.  2(f)  shows  a  typical  high-resolution  Nls  spectrum  of  NG. 
The  types  of  nitrogen  species  were  identified  by  curve-fitting.  The 
complex  Nls  spectrum  was  further  deconvoluted  into  three  peaks 
at  binding  energies  of  399.2, 400.9,  and  402.5  eV,  corresponding  to 
pyridinic  N,  quaternary  N  and  pyridine-N-oxide,  respectively 
[35,47]. 


XPS  analysis  (Fig.  2(f))  of  the  Nls  spectrum  shows  that  only 
pyridinic-N,  quaternary-N,  and  pyridine-N-oxide  formed  in  the 
synthesized  NG  by  the  designed  reaction.  Recent  studies  have 
suggested  that  more  active  carbon  catalysts  might  contain  higher 
amounts  of  pyridinic  and  quaternary  (graphitic)  nitrogen  [24,32]. 
Pyridinic  N  bonds  with  two  C  atoms  at  the  edges  or  defects  of  the 
graphene  and  contributes  one  p  electron  to  the  tt  system  (Fig.  2(f)). 
It  has  been  shown  that  pyridinic  N  efficiently  changes  the  valence 
band  structure  of  graphene  and  one  lone  pair  of  electrons  in  pyr¬ 
idinic  nitrogen  facilitates  reductive  oxygen  adsorption  [35]. 

Quaternary-N  is  a  type  of  nitrogen  that  bonds  to  three  carbon 
atoms  in  the  plane  of  the  carbon  matrix  (Fig.  2(f)).  02  molecules  are 


Fig.  3.  (a)  TEM  image  of  Co/NG;  (b)  EDX  image  of  Co/NG;  (c)  TEM  image  of  Fe/NG;  (d)  EDX  image  of  Fe/NG;  (e)  TEM  image  of  Fe-Co/NG;  (f)  EDX  image  of  Fe-Co/NG. 
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preferentially  adsorbed  at  the  carbon  sites  on  the  graphene-like 
zigzag  edges  if  a  quaternary-N  is  located  nearby  [32  .  Previous 
research  on  nitrogen-modified  carbon-based  catalysts  has  shown 
that  catalysts  with  a  higher  content  of  quaternary-N  show  higher 
ORR  activity  [13,27  .  Based  on  this,  the  proposed  NG  is  a  promising 
support  and  electrocatalyst  for  ORR  because  this  synthesized  NG 
has  a  large  amount  of  pyridinic  and  quaternary  nitrogen.  In  this 
synthesis  method  [9],  the  precursor  for  both  nitrogen  and  carbon 
was  pentachloropyridine;  as  expected,  the  synthesized  NG  shows 
an  ordered  nanostructure  and  strong  bonding  between  the  nitro¬ 
gen  and  carbon. 

3.2.  Physical  characterization  of  M/NG  catalysts 

Fig.  3  provides  TEM  images  showing  the  nanostructure  of  the  M/ 
NG  catalysts.  The  metal  nanoparticles  are  well-dispersed  on  the 
graphene  sheets,  demonstrating  the  formation  of  supported  elec¬ 
trocatalysts.  The  small  black  spots  on  the  graphene  sheet  are 
nanoparticles  dispersed  on  the  NG  surface;  the  low  degree  of  metal 
nanoparticles  agglomeration  results  from  the  preparation  process. 
Since  ethylene  glycol  is  a  reducing,  stabilizing  and  dispersing  agent 


-1.2  -1.0  -0.8  -0.6  -0.4  -0.2  0.0  0.2 

Potential  (E)  /  V  vs.  SCE 

Fig.  6.  CVs  in  02-saturated  0.1  M  KOH  solution  for  different  electrodes  at  a  scanning 
rate  of  100  mV  s-1. 

in  the  modified  polyol  reduction  method,  the  distribution  of  metal 
nanoparticles  was  uniform  and  had  a  narrow  size  distribution.  The 
nitrogen  doping  of  the  supporting  material  produced  highly 
dispersed  nanoparticles  over  the  graphene  support.  The  average 
size  of  the  nanoparticles  was  8.6  nm  for  Co/NG,  26.2  nm  for  Fe/NG, 
and  15.8  nm  for  Fe-Co/NG.  The  insets  in  Fig.  3(a),  (c)  and  (e)  pre¬ 
sented  EDX  spectrum  for  the  M/NG  catalysts  which  demonstrated 
that  Fe  and  Co  were  distributed  on  NG. 

Fig.  4  shows  the  XRD  patterns  for  Co/NG,  Fe/NG,  and  Fe-Co/NG 
composites.  All  samples  had  broad  peaks  (20:  18-32°)  corre¬ 
sponding  to  the  graphene  plane  diffraction  (002)  [48  .  The  average 
crystallite  sizes  calculated  using  Scherer's  equation  were  10.1  nm 
for  Co/NG,  26  nm  for  Fe/NG,  and  17.6  nm  for  Fe-Co/NG.  These  re¬ 
sults  were  in  good  agreement  with  previous  TEM  data. 

3.3.  Electrochemical  characterization 

3.3.1.  Cyclic  voltammetry  (CV)  and  linear  sweep  voltammetry  (LSV) 
The  electrocatalytic  activity  of  the  synthesized  NG  was  deter¬ 
mined  using  a  conventional  three-electrode  system  in  an  alkaline 
solution.  Fig.  5(a)  shows  a  clean  capacitive  CV  background  in 


Fig.  5.  Electrocatalytic  activity  of  NG  for  ORR  (a)  CV  curves  of  NG  in  nitrogen  or  oxygen  saturated  0.1  M  KOH  at  a  scanning  rate  of  100  mV  s  T  (b)  CV  curves  of  NG  and  commercial 
Pt/C  electrode  in  0.1  M  KOH  at  a  scanning  rate  of  100  mV  s-1. 
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nitrogen-saturated  0.1  M  KOH  solution.  In  the  presence  of  oxygen,  a 
prominent  cathodic  current  appeared  with  a  peak  centered  at 
— 0.35  V  vs.  SCE  and  specifies  the  pronounced  electrocatalytic 
activity  of  synthesized  NG  alone  for  ORR. 

Cyclic  voltammograms  of  the  synthesized  NG  and  commercial 
Pt/C  (40%;  Sigma  Aldrich)  are  shown  in  Fig.  5(b).  The  existence  of  a 
cathodic  peak  with  a  current  density  of  -2.13  mA  cm-2  shows  that 
NG  alone  shows  acceptable  activity  for  ORR  in  an  alkaline  media. 
This  can  be  attributed  to  the  presence  of  pyridinic  and  graphitic 
(quaternary)  nitrogen  types  in  the  graphene  matrix;  these  types  of 
nitrogen  play  an  important  role  in  electrocatalysis  for  ORR.  Pyr¬ 
idinic  nitrogen  creates  a  higher  proportion  of  edge  planes  and 
structural  defects  on  graphene  that  actively  react  with  oxygen  and 
form  oxygen-containing  groups  when  exposed  to  air  [34,49,50  . 

A  further  increase  in  activity  is  required  to  allow  NG  to  compete 
with  commercial  platinum  catalyst,  so  iron  and  cobalt  nano¬ 
particles  were  deposited  on  synthesized  NG  as  a  supporting  ma¬ 
terial  in  next  step.  The  CV  curves  for  the  NG,  Fe/NG,  Co/NG  and 
Fe-Co/NG  catalysts  are  shown  in  Fig.  6.  The  CV  diagrams  of  cata¬ 
lysts  with  metal  nanoparticles  show  more  positive  ORR  peak  po¬ 
tentials.  It  is  also  evident  from  a  comparison  of  the  CV  curves  that 
Co/NG  is  the  most  active  catalyst  with  more  positive  peak  potential 
(-0.33  V).  This  improvement  in  electrocatalytic  activity  can  be 
attributed  to  the  presence  of  more  electroactive  sites  after  the 
precipitation  of  Fe  and  Co  nanoparticles  than  for  the  NG  electrode. 

The  particle  size  distribution  shown  in  the  TEM  and  XRD  data 
indicate  that  the  Co/NG  sample  showed  smaller  nanoparticles  and 
better  dispersion  than  the  Fe-Co/NG  and  Fe/NG  samples.  The 
better  dispersion  of  cobalt  nanoparticles  facilitated  adsorption  of 
oxygen  molecules  and  these  active  sites  promote  ORR  better  than 
do  the  other  electrocatalysts. 

Fig.  7  shows  the  electrocatalytic  performance  of  Co/NG 
compared  to  commercial  Pt/C.  The  prominent  reduction  peak 
at  -0.33  V  in  alkaline  solution  suggests  increased  electrocatalytic 
activity  of  Co/NG  for  ORR.  It  is  clear  from  the  cyclic  voltammetry 
diagram  that  peak  potential  of  Pt/C  catalyst  is  in  the  range  of — 0.12 
to  — 0.24  V  and  the  peak  potential  of  Co/NG  is  -0.33  V  which 
shows  promising  activity  of  Co/NG  catalyst  for  ORR. 

The  oxygen  reduction  activities  of  non-precious  metal-based 
catalysts  were  further  investigated  using  LSV.  Fig.  8(a)  shows  a 
series  of  LSV  curves  for  different  catalysts  measured  in  02-saturated 
0.1  M  KOH  at  a  sweep  rate  of  10  mV  s_1.  A  comparison  of  these 


Fig.  7.  CVs  in  02-saturated  0.1  M  KOH  solution  for  Co/NG  and  commercial  Pt/C  at  a 
scanning  rate  of  100  mV  s”1. 


catalysts  indicates  that,  relative  to  Fe/NG  and  Fe-Co/NG,  Co/NG 
showed  higher  activity.  This  is  evidenced  by  the  64  mV  positive 
shift  at  onset  from  -0.203  to  -0.1398  V  for  Fe/NG  and  21  mV 
from  -0.1609  to  -0.1398  V  for  Fe-Co/NG  and  the  60  mV  positive 
shift  in  half-wave  (El/2)  from  -0.2602  to  -0.2  V  for  Fe/NG  and 
54  mV  from  -0.2541  to  -0.2  V  for  Fe-Co/NG  sample.  The  signifi¬ 
cant  improvement  in  ORR  performance  for  Co/NG  catalyst  is  in 
agreement  with  the  CV  results.  This  increased  electrocatalytic  ac¬ 
tivity  of  Co/NG  could  be  the  result  of  the  smaller  size  distribution  of 
cobalt  nanoparticles  on  the  NG  sheets. 

Co/NG  showed  the  best  performance  and  its  LSV  curve  is 
compared  with  those  for  NG  alone  and  commercial  platinum  in 
Fig.  8(b).  It  is  clear  that  the  absolute  value  of  reduction  current 
density  for  Co/NG  improved  from  -0.48  to  -01.34  mA  cm-2  and 
the  onset  potential  exhibited  81  mV  positive  shift  compared  with 
NG  alone  (from  -0.2211  to  -0.1398  V).  A  comparison  of  Pt/C 
catalyst  and  Co/NG  showed  about  a  26%  decrease  in  reduction 
current  density  (-1.34  mA  cm-2  for  Co/NG,  -1.83  mA  cm-2  for  Pt/ 
C).  The  performance  of  Co/NG  was  much  lower  than  for  Pt/C  in 
terms  of  onset  potential  and  half-wave  potential. 

Fig.  8(a)  and  (b)  show  a  general  increase  in  the  activity  of  syn¬ 
thesized  catalysts  for  ORR  after  metal  precipitation.  Although  ORR 


Fig.  8.  (a)  LSVs  for  NG,  Fe/NG,  Fe-Co/NG,  and  Co/NG  electrodes  in  02-saturated  0.1  M 
KOH  solution  at  a  scanning  rate  of  10  mV  s^1;  (b)  LSVs  for  ORR  obtained  at  Co/NG,  NG 
alone  and  commercial  Pt/C  electrodes  at  a  scanning  rate  of  10  mV  s-1. 
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Fig.  9.  Nyquist  diagrams  of  (a)  Fe/NG,  Fe-Co/NG,  Co/NG;  (b)  Co/NG,  NG  alone,  and  commercial  Pt/C  at  -250  mV  in  02  saturated  0.1  M  KOH  solution. 


activity  did  not  dramatically  increase,  the  half-wave  potentials  and 
reduction  current  densities  moved  closer  to  those  of  Pt/C.  This 
shows  that  transitional  metal  nanoparticles  supported  on  NG  ma¬ 
terial  took  part  in  ORR  and  increased  the  activity  of  NG  for  ORR. 
These  transitional  metal  nanoparticles  can  be  considered  to  be 
electroactive  sites  for  ORR.  The  optimal  dispersion  of  metal  nano¬ 
particles  on  NG  materials  may  increase  the  activity  of  the  final 
catalyst  because  it  exposes  more  active  sites  to  the  reactants. 

TEM  results  shown  in  Section  3.2  confirm  that  the  Co/NG  sample 
showed  more  uniform  dispersion  of  metal  nanoparticles  and 
smaller  particle  size  than  the  Fe/NG  and  Fe-Co/NG  samples, 
meaning  that  the  Co/NG  catalyst  had  a  higher  electroactive  surface 
area  and  good  accessibility  of  metal  sites  for  oxygen  adsorption.  As 
reported  in  previous  studies  [44,45],  the  modified  polyol  reduction 
approach  yields  uniform  dispersion,  higher  loading  and  optimum 
particle  size  of  catalyst  nanoparticles  over  supporting  materials 
than  the  conventional  sodium  borohydride  reduction  method. 


3.3.2.  Electrochemical  impedance  spectroscopy 

The  electron  transfer  kinetics  of  ORR  in  the  modified  electrodes 
was  studied  using  selected  EIS  measurements.  EIS  is  a  powerful 
technique  that  enables  evaluation  of  physical  and  interfacial 
properties  of  modified  electrodes.  The  charge-transfer  resistance 
corresponds  to  the  diameter  of  a  semicircle  on  the  Nyquist 
impedance  plot.  The  Nyquist  diagrams  for  Fe/NG,  Co/NG  and 
Fe-Co/NG  electrodes  were  recorded  at  -250  mV  vs.  SCE.  EIS 
measurements  in  Fig.  9(a)  show  the  diameter  of  the  impedance  arc 
for  Co/NG  electrocatalyst  is  smaller  than  those  for  Fe/NG  and 
Fe-Co/NG  for  applied  potential,  indicating  increased  kinetics  for 
Oads  chemisorption  and  ORR.  These  results  suggest  faster  electron 
transfer  kinetics  and,  consequently,  better  electrocatalytic  perfor¬ 
mance  for  the  Co/NG  catalyst  when  compared  with  Fe/NG  and 
Fe-Co/NG  catalysts,  which  is  in  good  agreement  with  the  results  of 
the  ORR  measurements. 

Fig.  9(b)  compares  the  EIS  behavior  of  NG,  Co/NG  and  com¬ 
mercial  Pt/C  electrodes.  It  is  clear  from  the  Nyquist  diagrams  that 
Co/NG  catalyst  shows  increased  electrocatalytic  performance, 
because  the  diameter  of  its  impedance  arc  is  smaller  than  that  of 
the  NG  alone.  This  suggests  that  the  charge-transfer  reactions  have 
become  faster,  but  the  kinetics  are  still  weaker  than  for  Pt/C. 

The  stability  of  Co/NG  and  commercial  Pt/C  catalysts  was  tested 
at  a  constant  voltage  of  -0.25  V  (vs.  SCE)  for  15,000  s  in  oxygen- 
saturated  0.1  M  KOH.  As  shown  in  Fig.  10,  the  chronoampero- 
metric  response  for  Co/NG  catalyst  exhibited  slow  attenuation  with 
relatively  high  current  retention.  Continuous  oxygen  reduction  on 


the  Co/NG  electrode  resulted  in  about  a  10%  loss  in  current 
compared  to  the  40%  loss  for  Pt/C  electrode  under  the  same  testing 
conditions.  These  results  indicate  that  active  sites  on  the  Co/NG 
electrode  are  more  stable  than  those  on  commercial  Pt/C  electrode. 
The  better  stability  of  the  Co/NG  catalyst  can  be  attributed  to  strong 
covalent  bonds  between  the  active  sites  and  graphitic  lattice  and  to 
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Fig.  10.  Chronoamperometric  responses  for  ORR  for  Co-N-GN  and  Pt/C  catalysts  in 
02-saturated  0.1  M  KOH  solution  at  -0.3  V  vs.  SCE. 
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the  presence  of  nitrogen  atoms  that  create  anchoring  sites  for  metal 
nanoparticle  deposition  and  enhance  their  stability  on  the  gra¬ 
phene  sheets.  The  basal  plane  of  graphene  prevents  metal  nano¬ 
particle  agglomeration  during  fuel  cell  performance  and  increases 
the  durability  of  catalyst  for  electrochemical  reactions,  making  it  a 
promising  catalyst  for  alkaline  fuel  cells. 

4.  Conclusion 

Simple  approaches  were  explored  for  synthesis  of  NG- 
supported  non-precious  catalysts  for  ORR  in  alkaline  media.  It 
was  observed  that  metal  nanoparticles  and  nitrogen  species 
significantly  increased  ORR  electrocatalytic  activity  in  M/NG  cata¬ 
lysts.  Co/NG  catalyst  presented  higher  reduction  current  density 
and  an  81  mV  positive  shift  in  onset  potential  in  comparison  with 
NG  alone  in  alkaline  solution.  This  indicates  that  transitional  metal 
nanoparticles  can  act  as  electroactive  sites  for  ORR. 

The  electrocatalytic  properties  of  M/NG  electrodes  were  closely 
related  to  the  particle  size  distribution  in  the  order  of  Co/ 
NG  >  Fe-Co/NG  >  Fe/NG.  Importantly,  Co/NG  also  exhibited 
excellent  stability  compared  with  commercial  Pt/C  for  ORR  in 
alkaline  media.  Although  the  activity  of  the  synthesized  catalysts 
was  weaker  than  for  commercial  platinum,  a  change  in  metal 
loading  and  improvement  in  the  structure  of  graphene  can  further 
increase  catalyst  activity. 

This  study  demonstrates  that  M/NG  catalysts  are  capable  of 
replacing  the  more  costly  Pt/C  for  catalyzing  ORR  in  fuel  cells.  This 
approach  may  open  new  avenues  for  producing  non-precious, 
active  and  durable  electrocatalysts  with  simple  process  stages  for 
oxygen  reduction  reaction. 
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